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Abstract 
It is essential for the preservation of cultural heritage that the effects of climate change are 
investigated. With this in mind, the daily temperature and relative humidity (RH) cycles within the 
Brown Gallery at Knole House, Kent, have been reconstructed for the period 1605 – 2015 enabling 
the study of low-cycle environmental fatigue on a set of 17th century panel paintings. By 
establishing a relationship between the temperature in the Brown Gallery and the Hadley Centre 
Central England Temperature (HadCET) dataset over a sixteen year period (2000 – 2015), it is 
possible to use the full HadCET dataset to obtain the daily minimum and maximum temperatures 
in the Brown Gallery for the period 1878 – 2015. Using a Fourier series to fit the periodic data it 
is then possible to extrapolate back to 1605. Furthermore, correction factors derived using the 
HadCET average daily temperature in the period 1772 – 1877 and average monthly temperature in 
the period 1659 – 1771 are applied to the temperature data to increase the model accuracy. The 
daily minimum and maximum RH for the period 1605 – 2015 are obtained using the Brown Gallery 
maximum and minimum temperatures respectively, and assuming that the daily dew point 
temperature at Knole is calculated by subtracting a monthly-dependent constant from the daily 
minimum temperature at Knole, thus enabling the calculation of the daily actual water vapour 
pressure of air. Changes in RH are a result of the daily temperature cycle changing the saturation 
vapour pressure of air in the gallery. This data is valuable as it enables a study of the effects of 
low-cycle fatigue on the 17th century panel paintings housed in the Brown Gallery at Knole House, 
Kent due to these temperature and relative humidity cycles. Furthermore, the method presented 
offers a technique that can be utilised to replicate the internal environment for any unheated 
monument building so that the effects of past and future temperature and humidity cycles on 
cultural heritage can be examined.   
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1. Introduction 
At Knole House, Kent a set of forty three portraits, executed on panel, are displayed in the 
Brown Gallery. Dendrochronology has been performed on sixty-five boards from twenty-two of 
the panels confirming that the paintings were executed on Baltic oak no earlier than 1605, further 
technical and contextual analysis show that the paintings were completed in the early decades of 
the 17th Century [1]. Knole House provides a rare opportunity to study the effects of temperature 
and humidity on panel paintings as there currently is no means of modern heating within this part 
of the building and the portrait set has been displayed together for over four hundred years, firstly 
in the Cartoon Gallery, and then probably from 1700, in the Brown Gallery at Knole House. This 
means that the majority of the paintings have been exposed to the same cyclic temperature and 
moisture changes (with a few having short times away from Knole for exhibitions and conservation 
treatments) which correlate with atmospheric conditions outside the House, locally at Knole, Kent.  
It is advantageous to have a model that calculates the temperature and relative humidity (RH) 
that the paintings have been exposed to from their original display at Knole (approx. 1605) to 2015 
when the paintings were removed from the gallery and placed in temporary storage in a semi-
controlled environment. Such information is key to investigating the effects of environmentally-
induced fatigue on cracking and delamination in panel paintings through the use of finite-element-
based models [2]. This paper presents the method that has been used to extrapolate the temperature 
and relative humidity (RH) cycles in the Brown Gallery back to 1605. Furthermore, the method 
can be utilised for any unheated building to aid in the study of the effects of the environment on a 
variety of cultural heritage.  
The panel paintings are typical of an early Northern European construction with an oak panel 
sized with animal glue, a chalk and lead white ground layer, and pigmented layers bound in a 
drying oil. Due to changes in temperature and humidity, the organic and polymeric materials in 
paintings can experience strain differentials between layers as a result of the mismatch in 
hygrothermal properties [3]. These strain differentials, caused by changes in temperature and 
humidity, are considered to be the main cause of through-thickness cracks in the paint layer and 
delaminations along the paint layer interface [4]. Such cracking and delamination result in loss of 
paint, and a consequent loss of the aesthetic of the work, interpretation and appreciation by the 
viewer. The cyclic nature of RH has been shown and the effect of these cycles with varying 
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fluctuation frequencies on the moisture penetration of oak wood examined [5]. Therefore, for 
collections in uncontrolled and controlled environments, both which have cyclic RH variations, it 
is important to investigate the cyclic behaviour that could be one cause of damage as a result of 
environmentally-induced fatigue. Predicting fatigue life-times as a function of environmental 
cycling is imperative in order to best preserve painted wooden cultural heritage for future 
generations. 
Previous related work on environmental modelling of an unheated room include Lankester and 
Brimblecombe [6], [7] where temperature and RH were obtained and then extrapolated for the 
period 1860 – 2099. Furthermore, data from the Met Office Hadley Centre Central England 
Temperature extended the period back to 1770 [8]. A transfer function for each month of the year, 
based on nine years of data, related the outside conditions to that inside the Leicester Gallery and 
Cartoon Gallery at Knole House, Kent. Although both galleries are of similar design and located 
in the same building, it was shown that the internal environment can be very different. 
Unfortunately, due to the simplicity of the model, errors of up to ±2 C and ±10 % RH were 
apparent when compared to data recordings. Developing the model by using transfer functions 
calibrated with temperature and RH readings over a greater period of time may mitigate these 
errors.  
Other studies have been performed using transfer functions to obtain indoor conditions from 
outside, showing the validity of this simple method. Bratasz et al. [9] combined the transfer 
functions with a future climate model to obtain the environmental conditions in an unheated room 
and identify a climatological risk index showing areas of Europe where paintings on wood would 
be most susceptible to climate change. Camuffo et al. [10] applied the concept with proxy data 
(1500 – 1715) and instrument readings (1716 – 2009) to reconstruct the historical climate in the 
Cathedral of Cremona, Lombardy, Italy. In some instances it was not possible to obtain 
simultaneous readings for indoor and outdoor conditions and thus under these circumstances 
readings for similar buildings within the same climatic region were used, potentially introducing 
errors into the model. Bertolin et al. [11] applied the same method to the basilica of S. Giustina, 
Padua, Italy. 
Kramer et al. [12] developed simple hygrothermal models to obtain the indoor environment of 
monument buildings. Model calibration was achieved through optimisation that minimised the 
error between measurements in the room and the model output. The study showed that the simple 
hygrothermal model was able to produce accurate results for the indoor environment. 
Examples of more complex methods to obtain a building indoor environment from outside 
include the Climate for Culture [13] project, where a full building hygrothermal simulation was 
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used in combination with computational fluid dynamics to analyse the flow of air in the rooms. An 
advantage of a full building simulation over the use of a transfer function is that the type of building 
use and heating, ventilation and air conditioning can all be accounted for in the model, however 
there are high development and computational costs. Leijonhufvud [14] applied these results to 
assess the future indoor risks to Swedish churches. Further use of a hygrothermal building 
simulation enabled Huijbregts et al. [15] to take building properties and user behaviour into 
account when reconstructing the past climate in a 17th century Dutch castle using meteorological 
data. 
The transfer function method utilised in this work has been shown to give accurate results for 
an unheated room [6], [7], [9]–[11], [13] and it does not have high development/computational 
costs associated with a full building hygrothermal simulation. The work in this paper makes use of 
the Met Office Hadley Centre Central England Temperature (HadCET) [16] data. Hourly 
temperature and RH readings collected by The Courtauld Institute of Art and The National Trust 
[17] inside two galleries at Knole House (Brown Gallery and Cartoon Gallery) and outside the 
house over a sixteen year period (2000 – 2015) are also used. The HadCET dataset contains the 
longest record of temperature recordings in the world. These daily and monthly temperatures are 
representative of a roughly triangular area enclosed by Lancashire, London and Bristol, UK. 
Although the environmental conditions in the Leicester and Cartoon galleries at Knole House have 
previously been studied using transfer functions to relate the outside conditions to those inside [6]–
[8], this work offers a novel contribution as the Brown Gallery has not been considered before and 
the paintings provide a unique epidemiological case study. Furthermore, an original method is 
presented to reproduce the past temperature and RH cycles back to 1605 in the gallery. Finally the 
work is key in the study of environmental effects on 17th century panel paintings as it provides the 
required boundary conditions to develop a finite element model to investigate fracture due to 
environmentally-induced low-cycle fatigue. The method presented is not restricted to the Brown 
Gallery and has a greater application to reconstruct the temperature and humidity cycles in other 
unheated buildings based on proxy data. If temperature and humidity data is available for both 
inside and outside an unheated room, then the past or future climate in the room can be obtained 
from outside using proxy data or a future climate model, respectively. This enables the study of 
environmental effects on the items housed within the room and consequently the potential for 
damage of unique cultural heritage can be investigated. 
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2. Research aim 
The main aim of the research was to determine the past temperature and relative humidity cycles 
present in the Brown Gallery, Knole House, Kent, during the period 1605 – 2015. This particular 
period is of interest as the panel paintings have been on display for over four hundred years with 
no modern form of heating. By recreating the environmental conditions that the paintings have 
been subjected to, it is possible to study the effects of low-cycle fatigue due to changes in 
temperature and relative humidity and its impact on the formation of crack damage in paintings. 
Furthermore, the method to reconstruct the environment in an unheated building can be replicated 
to investigate the effects of building internal environment on damage initiation in cultural heritage.  
3. Methodology  
3.1. Temperature and relative humidity recordings 
Table 1 summaries the temperature and RH data that are available from which to extrapolate 
temperature and RH cycles that have occurred in the Brown Gallery for the period 1605 – 2015. 
Hourly temperature and RH data has an accuracy of ±0.3°C and ±3 % RH, respectively. The Met 
Office Hadley Centre Central England Temperature (HadCET) [16] data do not quote the relative 
humidity. To date the authors have been unable to find suitable proxy data for the RH in Knole, 
with the earliest reading obtained in 2000. However, daily precipitation data is available for Central 
England back to 1931, and monthly data back to 1873. 
Table 1: Temperature and relative humidity data available.  
Location Temperature data Relative humidity data 
Brown Gallery, Knole House, Kent Hourly data (2000 – 2015) Hourly data (2000 – 2015) 
Cartoon Gallery, Knole House, Kent Hourly data (2000 – 2015) Hourly data (2000 – 2015) 
Outside Knole House, Kent Hourly data (2000 – 2015) Hourly data (2000 – 2015) 
Central England (region between 
Bristol, Lancashire and London) 
HadCET daily minimum/maximum  
(1878 – 2015) 
HadCET daily average (1772 – 2015) 
HadCET monthly average (1659 – 2015) 
Daily precipitation records (1931–
2015) 
Monthly precipitation records (1873 – 
2015) 
 
It is of interest to identify the main frequencies that the paintings in the Brown Gallery have 
been subjected to. As a result of the cyclic nature of the hourly temperature and humidity readings 
for the Brown Gallery, a Fourier transform can be performed on the data for the sixteen year period 
(2000 – 2015). Figure 1 shows the dominant amplitudes in the frequency spectrum for the 
temperature and RH data in the Brown Gallery over a sixteen year period (2000 – 2015). 
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Figure 1: Frequency spectrum for the sixteen years (2000 – 2015) of Brown Gallery temperature 
and relative humidity data after Fourier transform (a) Temperature. (b) Relative humidity. 
Figure 1 shows that there are dominant peaks in the amplitude for both temperature and RH 
corresponding to a period of one day and one year, as would be expected. Due to noise in the 
temperature data the amplitude peak in the frequency spectrum corresponding to one year is 54 
days shorter than expected. There are also smaller peaks with periods of less than 1 day, and these 
correspond to six, eight and twelve hours. It is interesting to note that currently it is unknown 
whether these smaller amplitude, more frequent cycles in temperature and RH are more detrimental 
to the painting rather than the larger amplitude cycles over a longer time, especially when the 
constituent materials of the panel painting show a viscoelastic response and therefore stress 
relaxation. This question will be investigated in the future through the use of mechanical fatigue 
testing and finite element modelling in order to identify which cycles are more damaging to the 
lifetime of the painting. Acoustic emission studies [18], [19] have provided some insight into the 
detrimental effects of relative humidity changes in an objects environment through the monitoring 
of ultrasound and sound waves released when damage occurs in a restrained wooden structure. For 
example, two years of in-situ testing of an eighteenth century wooden wardrobe identified that 1.2 
mm of crack growth was evident due to decreases in indoor humidity in winter. 
3.2. Fill in gaps in data 
Hourly data for temperature and RH have been provided for a sixteen year period (2000 – 2015) 
for the Brown Gallery, Cartoon Gallery and outside Knole House. However, gaps appear when the 
data loggers have malfunctioned. Before establishing a relationship between the recordings in the 
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Brown Gallery and Knole House exterior, the gaps in the data should be filled as more data points 
will yield more accurate transfer functions. For the majority of cases when the data logger 
malfunctioned in the Brown Gallery, the data logger in the Cartoon Gallery was still functioning 
normally. Therefore, the gaps in the Brown Gallery data can be filled by comparing the temperature 
(or relative humidity) in the Brown Gallery to that in the Cartoon Gallery and establishing a 
relationship. Comparing the hourly data for a given month over the sixteen year period, it is 
possible to establish twelve relationships of the form 
 TBG = aiTCG + bi  (1) 
 RHBG = eiRHCG + gi  (2) 
where T and RH are the hourly temperature and relative humidity in the gallery with subscript BG 
and CG referring to the Brown Gallery and Cartoon Gallery respectively. The variables ai, bi, ei 
and gi are fitting coefficients with i = 1 − 12 corresponding to each month of the year (January – 
December). Therefore, twelve sets of coefficients are obtained, one for each month. It is assumed 
that even with remodelling of the galleries, the majority of the building fabric has been unaltered 
over the 411 years from 1605 to 2015 [20], such that the relationship between the inside and outside 
conditions remains the same, meaning the coefficients remain constant for the period.   
3.3. Exterior temperature Knole House, Kent 
The past temperature data used in this work are from HadCET [16] for a triangle between 
Lancashire, London and Bristol. As Knole House in Kent is located outside of this region, these 
temperatures have been adjusted to represent the local temperature at Knole. As this relationship 
involves outdoor temperatures, only one transfer function is required, based on the daily average 
temperatures in Central England and outside Knole House, unlike the transfer function in Section 
3.2 (and later in Section 3.4) which varies seasonally due to the sun heating the room. To achieve 
this, a similar approach to Section 3.2 is used to obtain a relationship in the form 
 T̅KO = hT̅CE + k (3) 
where T̅ is the daily average temperature with subscripts KO and CE corresponding to outside 
Knole House and Central England respectively, and h and k are fitting coefficients. With this 
relationship, the minimum and maximum temperatures in Central England can be converted to the 
minimum and maximum exterior temperatures at Knole House from 1878 – 2015. Furthermore, 
the relationship can also be used to convert the daily (1772 – 2015) and monthly (1659 – 2015) 
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average temperatures in Central England to daily and monthly average temperatures outside Knole 
House for the same periods. 
3.4. Temperature inside Brown Gallery 
From literature [6], [7], [9]–[11], [13] it has been shown that a transfer function relating the 
inside temperature (or relative humidity) to that outside provides a quick and accurate way to 
predict the temperature inside an unheated room. The final relationship required to obtain the 
temperature from 1605 – 2015 in the Brown Gallery is that between the temperature inside the 
Brown Gallery and exterior at Knole House. This is achieved by again plotting twelve graphs (one 
for each month) for the sixteen year period where hourly data is available for the Brown Gallery. 
Averaging the hourly data gives the daily average temperature inside the Brown Gallery (T̅BG) and 
this is compared to the daily average temperature outside Knole House (T̅KO) obtained from the 
daily average temperature in Central England (T̅CE) and using Equation 3. The data can be fitted 
with a linear relationship of the form 
 T̅BG = niT̅KO + pi,  (4) 
where ni and pi are fitting coefficients with i = 1 − 12 depending on the month of the year. It is 
then possible to acquire the minimum and maximum temperatures in the Brown Gallery for the 
period 1878 – 2015 using the daily minimum and maximum temperatures from HadCET. 
The daily minimum (?̌?𝐵𝐺) and daily maximum (?̂?𝐵𝐺) temperatures in the Brown Gallery can be 
fitted with a Fourier series of the form 
 ŤBG, T̂BG = A0 + ∑ Aj cos(jx) + Bj sin(jx)
N
j=1  (5) 
where N is the number of terms in the Fourier series, enabling backwards extrapolation of these 
temperatures to 1605. To increase the accuracy of the model in periods 1772 – 1877 and 1659 – 
1771 correction factors have been derived based on the daily average temperatures and monthly 
average temperatures from HadCET respectively. Details of the application of this method are 
given in Appendix A.  
3.5. Relative humidity inside Brown Gallery 
Due to the lack of relative humidity data over a long period prior to the year 2000 for both the 
Brown Gallery and outside at Knole House, a method is required to obtain the minimum and 
maximum daily RH. For a given temperature (T), the RH is defined as the percentage of actual 





× 100 (6) 
The saturation vapour pressure of air (kPa) at a given temperature T (°C) can be calculated using 
the following empirical formula [21]–[24] 




The daily actual vapour pressure of air (kPa) can be calculated using the saturation vapour pressure 
of air at the dew point temperature (Tdew) [21]–[24], where the dew point temperature is defined 
as the temperature that the air needs to be cooled to in order to be fully saturated 




Therefore to calculate the minimum and maximum relative humidity, three temperatures are 
required. These are the minimum, maximum and dew point temperatures. Sections 3.3 and 3.4 
state a method to obtain the minimum and maximum temperatures outside at Knole and inside the 
Brown Gallery. Therefore, the only temperature now required is the dew point temperature. 
Following previous work [21]–[24] on predicting the dew point temperature, it is assumed that 
early in the morning before sunrise, the air is almost fully saturated (i.e. RH ≈ 100 %) so the dew 
point temperature is approximately the same as the daily minimum temperature outside at Knole 
(ŤKO)  
 Tdew ≈ ŤKO (9) 
This can be confirmed using the temperature and relative humidity data at Knole by averaging 
the data for a given hour (e.g. 3:00 am) over the period 2000 – 2015, and then identifying at which 
hour the maximum average RH and minimum average temperature occurs. The maximum average 
relative humidity occur at 5:00 am (91%) and 6:00 am (91%) which also correspond to the two 
minimum average temperatures of 9.3 °C and 9.4 °C respectively. 
As the maximum average RH is 91%, this indicates that the accuracy of the model can be further 
increased if the daily average dew point temperature is below the minimum temperature, and 
therefore a constant (v) can be subtracted from the minimum temperature. Different definitions of 
v include a constant for all data [21], [22], vi (with i = 1 − 12) calibrated for each month [22], 
[24] and finally incorporating precipitation records with the monthly definition of vi to include wet 
and dry days, where a wet day is defined as having a least 1 mm of rain [23]. In this work the 
monthly definition without using precipitation records will be utilised because daily precipitation 
records are only available for the period 1931 – 2015 and are not site-specific: 
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 Tdew = ŤKO − vi  (10) 
with i = 1 − 12. The value of vi for each month is determined by minimising the error between 
the daily minimum and maximum RH values produced from the model and sensor data at Knole 
for the period 2000 – 2015. 
It has been shown in the USA [25] that on average when comparing the daily dew point 
temperature to the nightly value, there is a difference of 0.5°C , suggesting that the absolute 
moisture content of air remains reasonably constant throughout a 24 hour period and changes in 
RH are a result of the temperature cycle modifying the saturation vapour pressure of air. This 
method has been utilised in other regions for example India [22], Italy [23] and Japan [24] and will 
now be applied to Knole, Kent, UK.  
Calculating the daily actual vapour pressure of air using the dew point temperature, it is also 
assumed that the actual vapour pressure of air inside the unheated gallery is the same as outside 
Knole House. Therefore, the daily changes in RH in the Brown Gallery are due to the temperature 
cycle changing the saturation vapour pressure of the air, es. Thus the minimum and maximum RH 
can be calculated  
  RȞ =
ea
es(T̂BG)




× 100 (12) 
This method enables the calculation of the daily minimum and maximum relative humidity in the 
Brown Gallery for the period 1605 – 2015. 
4. Results 
4.1. Fill in gaps in data 
Following the method given in Section 3.2, relationships between the temperatures in the 
Cartoon Gallery and Brown Gallery are obtained from the available data (2000 – 2015). Figure 2 
compares the daily average temperature in the Brown Gallery from the data recordings to those 
using the Cartoon Gallery recordings with the method described in Section 3.2. Figure 2a shows 
the results for February 2008 which has the poorest correlation with R2 = 0.62. Figure 2b shows 
the results for June 2009 which has the strongest correlation with R2 = 0.98. Averaging the values 
of R2 over all months gives R2 = 0.82, showing the validity of using the temperature in the Cartoon 
Gallery and linear relationship to fill the temperature data gaps. 
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Figure 2: Comparison of daily average temperature in the Brown Gallery from recordings and 
using the linear relationship with the recorded Cartoon Gallery temperature. (a) February 2008. 
(b) June 2009. The worst and best value of R2, respectively. 
The coefficients for the monthly relationship between the Brown Gallery and Cartoon Gallery 
are given in Appendix B in Table B1. 
4.2. Exterior temperature Knole House, Kent  
Using the method outlined in Section 3.3, the temperatures from HadCET, T̅CE, are used to 
match those temperature outside at Knole House, T̅KO, via the linear relationship in Equation 3. 
Figure 3 shows the daily average temperature in Central England and the corresponding 
temperature outside Knole House for the period 2000 – 2015. Only days where there is a complete 
set of hourly data for outside Knole House have been used in the daily average temperature 
calculation. There is a strong correlation between the temperatures in Central England and those 
outside Knole House, and a linear fit to the data gives  
 T̅KO = 1.07T̅CE + 0.22  (13) 
and R2 = 0.92. 
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Figure 3: Relationship between the daily average temperatures in Central England (T̅CE) provided 
by HadCET [16] and recordings outside Knole House (T̅KO) for the period 2000 – 2015. 
4.3. Temperature inside Brown Gallery 
It is important to identify whether the method of using the exterior temperature at Knole House, 
T̅KO, calculated using the HadCET dataset, T̅CE, is appropriate to obtain the temperature within the 
Brown Gallery, T̅BG. Therefore, Figure 4 compares the daily average temperatures in the Brown 
Gallery, T̅BG, calculated using Equations 3 and 4 to the sensor readings from the Brown Gallery. 
For the sixteen years where data for inside the Brown Gallery are available, Figure 4a shows the 
results which have the poorest correlation with R2 = 0.80 (for 2008), and Figure 4b shows the 
results which have the strongest correlation with R2 = 0.96 (for 2009). Gaps are seen in the results 
as only days where there is a complete set of hourly data inside the Brown Gallery (either 
recordings or using Equation 1) have been used in the calculation of the daily average temperature. 
Averaging the values of R2 over the sixteen years gives R2 = 0.92, therefore showing very good 
accuracy between the recordings and model. Previously the linear equation relating outdoor 
temperature to indoor temperature has been considered as a first-level approximation and it is 
argued that a more complex model is required in order to capture the daily hysteresis cycles [10]. 
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However, the agreement between the model and temperature readings suggests that the hysteresis 
effect for the Brown Gallery is small and justifies the use of the simple linear transfer function.  
 
Figure 4: Comparison of daily average temperature in the Brown Gallery from recordings and 
using the relationship between the Central England temperatures. (a) 2008. (b) 2009. The worst 
and best value of R2, respectively. 
The coefficients, ni  and pi  with i = 1 − 12 , for the monthly transfer function between the 
Brown Gallery and exterior at Knole House in Equation 4 are given in Appendix B in Table B2.  
The HadCET daily minimum and maximum temperatures are available from 1878 – 2015 (see 
Table 1), meaning the previous relationship can be used to calculate the daily minimum and 
maximum temperatures, ŤBG and T̂BG respectively, in the Brown Gallery from 1878 – 2015. A 
10,000 term Fourier series of the form in Equation 5 can be fitted to the results, giving R2 = 0.97 
for the minimum temperatures and R2 = 0.98 for the maximum temperatures. 
The Fourier series for the daily minimum and maximum temperatures in the period 1878 – 2015 
can be used to extrapolate backwards to identify the daily minimum and maximum temperatures 
in the Brown Gallery from 1659 – 2015. As previously mentioned, as the daily average temperature 
(1772 – 1877) and monthly average temperature (1659 – 1771) in Central England are known, 
correction factors can be applied to the Fourier series to increase the accuracy of the model in these 
periods, details of which are shown in Appendix A.  
As no Central England temperatures are available from 1605 – 1658 (see Table 1), it is not 
possible to apply a correction factor to the temperatures in this period. Therefore the minimum and 
maximum data for 1659 – 2015 are fitted with a Fourier series and it is assumed that the Fourier 
series for the period 1659 – 2015 still applies in the region 1605 – 1658. For the period 1605 – 
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2015, the minimum daily temperature in the Brown Gallery predicted by the model is ŤBG =
−7.9°C, the maximum daily temperature is T̂BG = 31.5°C and the average daily temperature is 
T̅BG = 12.4°C. Figure 5 shows the full 10,000 term Fourier series fit to the daily minimum and 
maximum temperatures in the Brown Gallery for the period 1605 – 2015, with R2 = 0.95 and R2 = 
0.96, respectively. 
 
Figure 5: Daily temperature data in the Brown Gallery and Fourier series fit for the period 1605 - 
2015. (a) Minimum temperature (ŤBG). (b) Maximum temperature (T̂BG). 
4.4. Relative humidity inside Brown Gallery 
The daily minimum, ŤBG, and maximum , T̂BG, temperatures in the Brown Gallery have been 
identified for the period 1605 – 2015, meaning that the corresponding maximum, RĤ , and 
minimum , RȞ, relative humidity in the Brown Gallery can be obtained, respectively, using the 
method in Section 3.5.  
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Figure 6 shows the daily minimum and maximum relative humidity in the Brown Gallery for 
the period 1605 – 2015. The minimum daily relative humidity in the Brown Gallery predicted by 
the model is RȞ = 10.4 %, the maximum daily relative humidity is RĤ = 100 % and average 
daily relative humidity RH̅̅ ̅̅ = 65.2 %. 
 
Figure 6: Daily relative humidity data in the Brown Gallery for the period 1605 - 2015. (a) 
Minimum RH (RȞ). (b) Maximum RH (RĤ). 
Figure 7 shows the daily average temperatures and relative humidity in the Brown Gallery for 
the period 1605 – 2015.  
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Figure 7: Daily average data in the Brown Gallery for the period 1605 - 2015. (a) Temperature. 
(b) Relative humidity. 
From Figure 5, 6 and 7 the temperatures and relative humidity appear to be less variable in the 
past. A cause of this could be climate change allowing the possibility of more extreme temperatures 
(daily minimum and daily maximum), which would increase the temperature range in a day and 
the variability over time. As relative humidity is coupled to the temperature then as the temperature 
variability increases, consequently so will the relative humidity.  
Now that the daily minimum, maximum and average temperatures and relative humidity in the 
Brown Gallery are known for the period 1605 – 2015, a Fourier transform can be performed on 
the data to identify the main frequencies that the paintings have been exposed to in the gallery over 
the 411 year period. Figure 8 shows the dominant amplitudes in the frequency spectrum when a 
Fourier transform is performed on the daily average temperatures and RH data in the Brown 
Gallery over the lifetime that the paintings have been on display at Knole House (~1605 – 2015). 
When compared to Figure 1a the results of the temperature Fourier transform in Figure 8a are 
independent as these are obtained by first converting the minimum and maximum temperatures 
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from HadCET to values within the Brown Gallery for 1878 – 1999 and then combining these with 
the minimum and maximum temperatures from the instrument measurements for 2000 – 2015. 
After fitting the minimum and maximum temperatures for the period 1878 – 2015 with a Fourier 
series, backwards extrapolation obtains temperatures back to 1659. After correcting the 
temperatures with daily averages (see Appendix A.1) and monthly averages (see Appendix A.2) 
the minimum and maximum temperatures are again fitted with a Fourier series to obtain 
temperatures for the final period (1605 – 1658) and a Fourier transform is then performed on these 
results. As Figure 8b was not obtained using backward extrapolation of the RH but through the 
method in Section 3.5 using the dew point temperature, it is important to confirm that the main 
frequencies expected are present.  
 
Figure 8: Frequency spectrum for the daily average temperatures and relative humidity in the 
Brown Gallery after Fourier transform (a) Temperature (b) Relative humidity. 
Similar to Figure 1, the largest amplitude in the frequency spectrum for both the temperature 
and relative humidity corresponds to a period of one year. The other main frequencies observed in 
the model coincide with periods of six months and one month. Unfortunately due to the sample 
rate of the temperature and RH model being daily, it is not possible to obtain amplitudes for periods 
less than two days. Table 2 shows the three main amplitudes in the frequency spectrum when a 
Fourier transform is performed on the daily minimum, daily maximum and daily average 
temperatures and relative humidity in the Brown Gallery for the period 1605 – 2015.  
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Table 2: Main amplitudes in the frequency spectrum for the Brown Gallery temperature and 
relative humidity model for 1605 – 2015. 
 Amplitude in Temperature (°C) Amplitude in Relative Humidity (%) 
Period (month) Daily Min. Daily Max. Daily Av. Daily Min. Daily Max. Daily Av. 
1 0.24 0.23 0.23 1.01 1.36 1.16 
6 0.61 0.33 0.42 1.26 2.62 1.51 
12 6.32 7.68 6.99 8.85 5.35 7.09 
 
5. Conclusions 
A method has been presented to obtain the temperature and associated relative humidity in the 
Brown Gallery, located at Knole House, Kent from the beginning of the 17th Century to 21st 
Century. The temperature in the Brown Gallery is obtained by establishing two relationships 
between: (1) the temperature in Central England and outside Knole House, and (2) outside Knole 
house and inside the Brown Gallery. A linear transfer function has been used to obtain the internal 
temperature in the gallery from the outside temperature. When comparing the accuracy of the 
model for each of the 16 years that daily average temperature readings are available for the Brown 
Gallery the average R2 = 0.92, showing how powerful the simple technique is. A more complex 
approach such as building simulations may ascertain more accurate results, however the high 
development costs with such a method propose the question as to whether the small increase is 
worthwhile. Fitting the Central England temperature data for years 1878 – 2015 with a Fourier 
series, it is possible to extrapolate backwards to identify the daily minimum (ŤBG) and maximum 
(T̂BG) temperatures that the paintings have been exposed to in the gallery since they were created 
in approx. 1605. Furthermore, correction factors are applied to the Fourier series temperatures, 
derived using daily and monthly temperature averages from HadCET which increase the accuracy 
of the model. 
The daily minimum (RȞ) and maximum (RĤ) relative humidity in the Brown Gallery are 
obtained in two parts. Initially the daily actual vapour pressure in air (ea) is calculated using the 
dew point temperature at Knole (Tdew), obtained by subtracting a monthly-dependent constant (vi) 
from the daily minimum temperature at Knole (ŤKO). It is then assumed that the change in relative 
humidity in the gallery is a result of the temperature cycle varying the saturation vapour pressure 
of air. Therefore the daily minimum (ŤBG) and maximum (T̂BG) temperatures in the Brown Gallery 
are used to calculate the saturation vapour pressure (es ) at each temperature and thus daily 
minimum (RȞ) and maximum (RĤ) relative humidity are obtained for the period 1605 – 2015. 
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When considering the present work, the main novelties are: (1) for the first time the historic 
environment in the Brown Gallery at Knole House has been reconstructed for the period 1605 – 
2015, whereas previous studies have focused on different galleries within Knole House (Leicester 
gallery and Cartoon Gallery) and been concerned with a different period of time (1780 – 2100) 
[6]–[8], (2) the main frequencies that the paintings have been subjected to over their lifetime in the 
Brown Gallery, as a result of the temperature and relative humidity cycles have been identified by 
performing a Fourier transform on the data, (3) for the first time a Fourier series has been used to 
extrapolate the temperatures in the Brown Gallery back in time, with a unique method to increase 
the accuracy of the predicted temperatures using correction factors derived from daily and monthly 
temperature averages obtained from HadCET [16] and finally, (4) for the first time the method 
[22], [24] to obtain the RH by calculating the daily actual vapour pressure of air from the dew point 
temperature has been applied to calculate the minimum and maximum RH of an unheated room.  
The data presented in this work is crucial in the study of environmentally-induced low-cycle 
fatigue in panel paintings as it provides the past environment that the paintings within the gallery 
have been subjected to. The frequency spectrum obtained from the Fourier transform can be 
implemented in fatigue testing when mechanical loading simulates the strain fluctuations in the 
paintings due to changes in temperature and relative humidity, allowing the validation of low-cycle 
fatigue finite element models where the temperature and relative humidity cycles can be directly 
applied to the models for the two predominant crack types seen within the paintings (interfacial 





A.1. Daily correction factor for period 1772 – 1877 
The daily average temperature outside Knole House, T̅KO , for the period 1772 – 1877 is 
calculated using the daily average temperature in Central England, T̅CE , and Equation 3 from 
Section 3.3. The Equation 4 in Section 3.4 is then used to obtain the daily average temperature in 
the Brown Gallery (T̅BG) for the same period. To increase the accuracy of the daily minimum 
(ŤBG−f) and maximum (T̂BG−f) temperatures, where the subscript −f signifies the temperature was 
obtained from the Fourier series, it is possible to derive a correction factor (Cd) for each day in the 




(ŤBG−f + T̂BG−f) = T̅BG (A1) 
Once the daily correction factor, Cd is known, the daily minimum and maximum temperatures are 
calculated 
 ŤBG = CdŤBG−f (A2) 
 T̂BG = CdT̂BG−f (A3) 
Unfortunately, as the Fourier series does not perfectly fit the data, it is possible for ŤBG−f >
T̂BG−f. When this occurs, the results are inverted to ensure that ŤBG ≤  T̂BG. Similarly, when Cd is 
negative and ( ŤBG−f < 0  and T̂BG−f > 0 ) or ( ŤBG−f < 0  and T̂BG−f < 0 ) or ( ŤBG−f > 0  and 
T̂BG−f > 0), the Brown Gallery minimum and maximum temperatures are obtained using ŤBG =
CdT̂BG−f and T̂BG = CdŤBG−f. Finally, when ŤBG−f + T̂BG−f ≅ 0 and T̅BG−d ≠ 0, Equation A1 will 
give Cd ≫ 1 or Cd ≪ −1. In this case the resulting minimum and maximum temperatures are 
extremely unrealistic. Therefore, a range for Cd  is obtained by considering the minimum and 
maximum temperatures in the period 1878 – 2015 and identifying that the maximum temperature 
range for a day (T̂BG − ŤBG) is 16.4°C. Using this constraint in the calculation of Cd gives −1.6 ≤
Cd ≤ 1.6. The average value of the daily correction factor C̅d = 0.98. 
A.2. Monthly correction factor for period 1659 – 1771 
Similarly, for the period 1659 – 1771, a correction factor, Cm, can be derived from HadCET to 
improve the accuracy of the daily minimum and maximum temperatures in the Brown Gallery 
predicted by the Fourier Series, ŤBG−f  and T̂BG−f  respectively. However, the HadCET daily 
average temperatures (T̅CE) are not available in this period (see Table 1), but monthly average 
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temperatures (−m subscript) are. This means that the monthly average temperatures in Central 
England (T̅CE−m) can be converted to the monthly average temperatures in the Brown Gallery 





∑ (ŤBG−f + T̂BG−f)i
M
i=1 = T̅BG−m (A4) 
where M is the number of days in the month. These correction factors can then be applied to the 
minimum and maximum temperatures obtained from the Fourier series in the given period. The 




B.1. Transfer function coefficients for Brown Gallery and Cartoon Gallery 
Coefficients for the monthly relationship between the Brown Gallery and Cartoon Gallery from 
Equations 1 and 2 in Section 3.2 are shown in Table B1. 
Table B1: Coefficients for the monthly relationship between the Brown Gallery and Cartoon 
Gallery from Equations 1 and 2 in Section 3.2. 
i Month 
Temperature RH 
𝐚𝐢 𝐛𝐢 𝐞𝐢 𝐠𝐢 
1 January 0.857 0.852 0.617 30.397 
2 February 0.865 0.389 0.644 27.802 
3 March 0.938 0.146 0.627 28.373 
4 April 0.919 0.710 0.689 20.843 
5 May 0.968 0.675 0.660 21.112 
6 June 1.066 -1.062 0.896 6.089 
7 July 0.877 2.492 0.763 14.536 
8 August 0.999 -0.194 0.826 11.489 
9 September 0.975 0.048 0.758 17.040 
10 October 1.035 -0.774 0.712 21.078 
11 November 0.959 0.239 0.575 32.783 
12 December 0.908 0.568 0.522 37.506 
Coefficients for the monthly relationship between the Brown Gallery and exterior at Knole 










B.2. Transfer function coefficients for Brown Gallery and exterior at Knole House 
Table B2: Coefficients for the monthly temperature relationship between the Brown Gallery and 




1 January 0.590 3.882 
2 February 0.652 3.330 
3 March 0.717 3.713 
4 April 0.715 4.970 
5 May 0.638 6.925 
6 June 0.634 8.159 
7 July 0.652 8.167 
8 August 0.658 7.977 
9 September 0.668 6.714 
10 October 0.694 5.326 
11 November 0.589 5.043 
12 December 0.595 4.081 
 
Constants for the monthly relationship between the minimum temperature at Knole (ŤKO) and 
the dew point temperature (Tdew) in Section 3.5 are given in Table B3.  
B.3. Dew point temperature calculation monthly-dependent constants 
Table B3: Coefficients used in Equation 10 for the monthly temperature relationship between the 
minimum temperature outside Knole House (ŤKO) and the dew point temperature (Tdew). 
i Month 𝐯𝐢 
1 January 0.000 
2 February 0.119 
3 March 0.282 
4 April 0.634 
5 May 1.067 
6 June 1.962 
7 July 1.712 
8 August 1.318 
9 September 0.635 
10 October 0.147 
11 November 0.382 
12 December 0.000 
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The monthly correction constants (vi) for the dew point temperature show a similar trend to 
Upreti et al. [22], with summer months (May to August) requiring a greater correction to the dew 
point temperature (Tdew).  
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